We identified and sequenced from the squid Euprymna scolopes two isoforms of haemocyanin that share the common structural/physiological characteristics of haemocyanin from a closely related cephalopod, Sepia officinalis, including a pronounced Bohr effect. We examined the potential roles for haemocyanin in the animal's symbiosis with the luminous bacterium Vibrio fischeri. Our data demonstrate that, as in other cephalopods, the haemocyanin is primarily synthesized in the gills. It transits through the general circulation into other tissues and is exported into crypt spaces that support the bacterial partner, which requires oxygen for its bioluminescence. We showed that the gradient of pH between the circulating haemolymph and the matrix of the crypt spaces in adult squid favours offloading of oxygen from the haemocyanin to the symbionts. Haemocyanin is also localized to the apical surfaces and associated mucus of a juvenile-specific epithelium on which the symbionts gather, and where their specificity is determined during the recruitment into the association. The haemocyanin has an antimicrobial activity, which may be involved in this enrichment of V. fischeri during symbiont initiation. Taken together, these data provide evidence that the haemocyanin plays a role in shaping two stages of the squid-vibrio partnership.
Introduction
The bobtail squid Euprymna scolopes establishes a light organ symbiosis with the luminous bacterium Vibrio fischeri. During embryogenesis, the host develops ciliated epithelial tissues on the surface of the nascent organ that, after the host hatches, promote both the harvesting of the symbiont cells from the seawater and their eventual colonization of the organ's deep tissues. After hatching, these superficial epithelia shed mucus, and ciliary-mucus currents entrain the bacterioplankton into regions above pores, through which the symbionts will enter the organ. Vibrio fischeri and other Gram-negative bacteria adhere to the cilia and aggregate in mucus near the pores; however, by approximately 3 h, V. fischeri has become the only resident of these aggregates, i.e. specificity of the symbiosis is determined on the surface, even before the symbiont enters the host [1] .
The mechanisms underlying this specificity have not been well defined. However, several lines of data suggest that the biochemistry of the microenvironment plays a critical role. For example, antimicrobials such as nitric oxide (NO) [2] and a peptidoglycan-recognition protein (EsPGRP2), which breaks down bacterial cell walls, are present in the mucus [3] . Resistance to NO is critical for the ability of V. fischeri to colonize normally [4] . Further, recent analyses have shown that interaction with as few as three to five V. fischeri cells, which are bound to the cilia on the light organ surface during initiation of the association, induce changes in host gene expression [5] , including the upregulation of those predicted to encode antimicrobial proteins that may be critical for determining specificity [5] .
Vibrio fischeri cells that reach the crypts grow and, after attaining a critical density, begin to luminesce using host-derived nutrients and oxygen [6, 7] .
Key features of the symbiosis express profound diel rhythms; first, the symbiont population density dramatically varies over the day, i.e. approximately 95% of the bacteria are expelled from the light organ at dawn and the remaining bacteria subsequently repopulate the crypts. Second, symbiont light production also fluctuates during the day, increasing during the evening and peaking early at night [8] . Experiments manipulating the rhythm suggest that, even though the symbionts reach their maximum density during the day, the production of bioluminescence is limited by oxygen availability in the crypts until later during the night [8] .
The relationships of the adult light organ tissues [9] suggest that the diffusion of oxygen from the surrounding seawater is unlikely to match the symbionts' needs. Further, the light organ is one of the most highly vascularized regions of the host's body, suggesting that oxygen is delivered to the symbionts through the circulatory system [10] . In the squid, and certain other invertebrates, the metalloprotein haemocyanin, which is dissolved in the haemolymph, transports oxygen throughout the body; oxygen binding in haemocyanins is cooperative, and its affinity can be affected by pH, temperature and various solutes [11] . A recent study of the squid-vibrio system demonstrated that the genes encoding the host's haemocyanin are regulated over the day -night cycle in the adult tissues that support the symbiont [12] . These data suggested a role for haemocyanin in the dynamics of the mature symbiosis.
Haemocyanins arose from ancestral copper-coordinating proteins, which had diverged into two protein families, the tyrosinases and the pro-phenol oxidases; the former gave rise to the haemocyanin of molluscs, and the latter to the haemocyanin of arthropods [13, 14] . Thus, despite their common mechanism of oxygen binding, their separate origins resulted in structural and functional distinctions. Specifically, arthropod haemocyanin isoforms have one functional unit (FU), while the molluscan haemocyanin isoforms comprise seven to eight FUs, whose three-dimensional conformation slightly differs from that of the arthropods [15] .
Apart from oxygen binding, the protein domains of the mollusc haemocyanins also have two distinct phenol oxidase (PO) activities: a cresolase, which hydrolyses monophenol into o-diphenols and is specific to tyrosinases, and a catechol oxidase, which oxidizes o-diphenols [15] . These enzymatic activities can be enhanced in vitro by proteolytic treatment or the use of detergents [15] . This proteolytic enhancement also occurs in vivo in crustaceans, with the activation of immune defence pathways in response to the recognition of bacterial products [15, 16] . As such, the PO activity plays a role in controlling microbial pathogenesis through the production of highly reactive quinones.
In this study, we characterize biochemical features of the host haemocyanin and provide evidence for a role for this protein in the regulation of the mature light organ, as well as in the initial establishment of the symbiosis. We first describe the primary structure of haemocyanin. We next show that, in addition to being the major respiratory protein in the blood, haemocyanin co-occurs with the symbiont cells within the crypts and delivers oxygen to these regions of the organ. Finally, our in vitro data suggest that, through its PO activity, haemocyanin participates in the creation of an antimicrobial cocktail that selects for V. fischeri during initiation of the symbiosis.
Material and methods (a) General procedures
Adult Hawaiian bobtail squid (E. scolopes) were caught in Oahu, Hawaii and transported to UW-Madison, where they were maintained and bred in a recirculating seawater system. Juvenile squid were incubated overnight either in the absence of V. fischeri (aposymbiotic) or in the presence of approximately 10 5 CFU ml
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of either the wild-type V. fischeri strain ES114 (WT) or a deletion mutant derivative defective in light production, DluxCDABEG (Dlux) [17] . All animal protocols followed regulatory standards established by UW-Madison.
Microscope observations were either performed on a Zeiss 510 laser-scanning confocal or a Zeiss Axio Imager M2 epifluorescence microscope. Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich (USA) and all molecular reagents and fluorochromes from Life Technologies (USA). Primers (electronic supplementary material, table T1), which were synthesized by Integrated DNA Technologies (USA), and buffer formulae are defined in the electronic supplementary material.
(b) Analysis of the cDNA Full-length cDNA sequences of HCY isoforms (GenBank accession numbers KF647897 and KF647898) were obtained by rapid-amplification of cDNA ends (RACE), using the GeneRacer kit, following the manufacturer's instructions (for details, see the electronic supplementary material, Material and methods).
We aligned full-length haemocyanin cDNA from a variety of mollusc species (electronic supplementary material, Material and methods) using MUSCLE v. 3.7 [18] , and conserved sites were selected using GBLOCKS v. 0.91b [19] . Maximum-likelihood reconstruction was performed using PHYML v. 3.0 [20] with the WAG þ G model, and 100 bootstrap replicates were conducted for support estimation (Dryad doi:10.5061/dryad.cq032). We used the interface from phylogeny.fr as a platform for the reconstruction [21] .
Haemocyanin transcripts from both isoforms were quantified by quantitative reverse-transcription PCR (qRT-PCR) using specific transcripts for each isoform. The qRT-PCR protocol, previously described in [5] , followed the MIQE guideline [22] (n ¼ 4 replicates of one adult or 20 juveniles). For specifics, see the electronic supplementary material, Material and methods. In situ hybridization against haemocyanin2 transcripts was performed as described in [5] .
(c) Protein localization
An affinity-purified polyclonal antibody (a-HCY2) was produced in chicken against the synthetic peptide CISFDNSETDRDPQP (GenScript, USA). Soluble proteins from juvenile light organs, extracted in phosphate-buffered saline (PBS) containing a protease inhibitor cocktail, were separated on a 7% SDS-polyacrylamide gel for western blot analysis as described in [5] (see the electronic supplementary material, Material and methods for details).
Immunocytochemistry (ICC) experiments on whole light organs were performed as previously described [3] , with either the primary a-HCY2 antibody or a-IgY as a negative control, at a dilution of 1 : 1000 for 7 days (see the electronic supplementary material, Material and methods for details). ICC experiments in mucus were performed as before [3] , except that squid were fixed for 3 h in Bouin's solution, permeabilized for 2 h in a marine PBS (mPBS) containing Triton X100 (mPBST), and the mucus was counterstained with Alexa633-wheatgerm agglutinin (WGA).
ICC experiments on paraffin sections were performed as follows: squid were fixed in 4% paraformaldehyde in mPBS overnight at 48C and embedded in paraffin. Five-micrometre sections were deparaffinized in histoclear solution (National Diagnostics) and rehydrated in an ethanol series. Slides were brought to rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140504 boiling in the antigen retrieval solution (RD Systems), then cooled to 658C and incubated for 10 min. Slides were then rinsed in deionized water followed by mPBS and blocked in mPBS containing 0.5% BSA and 1% goat serum for 30 min at room temperature (RT). Slides were incubated in a-HCY2 or a-IgY antibodies 1 : 500 in the blocking solution overnight at 48C and rinsed 3 Â 5 min in mPBS. Slides were then incubated in blocking solution for 1 min, then for 1 h at RT in a goat-anti-chicken, FITC-conjugated secondary antibody diluted in blocking solution. Slides were rinsed 3 Â 15 min in mPBS and counterstained for actin with 1 : 40 rhodamine phalloidin in mPBS overnight at 48C, and for nuclei with a 1 : 1000 dilution of TOTO-3 for 10 min at RT. Slides were then mounted in Vectashield (Vector Laboratories), and samples were viewed by confocal microscopy.
(d) Determination of oxygen affinity
For oxygen affinity measurements, collected haemolymph samples were either: (i) used directly in a diffusion chamber apparatus, or (ii) the haemocyanin was separated from the small metabolites and smaller proteins present in the haemolymph by two passages through an Amicon Ultra-4 with Ultracel-100 membrane (Millipore) in 2 Â 3.5 ml of stabilization buffer III and concentrated to the same volume as that of the initial haemolymph sample. The functional measurements were made in a diffusion chamber, using a step-by-step procedure, as previously described [23] . Five microlitres of the native sample, or of the 'purified' samples adjusted at different pH values (pH approx. 6.5, 7.0, 7.5, 7.8 and 8.0), were equilibrated in the chamber with pure N 2 , pure O 2 and mixtures of the two gases to determine the oxygen equilibrium curves. The Bohr effect F, which characterizes the relationship between oxygen binding affinity and pH, was determined by the equation F ¼ DlogP 50 /DpH. For details about the determination of oxygen affinity, see the electronic supplementary material, Material and methods.
(e) Protein purification, and the determination of phenol oxidase and antimicrobial activities
Haemolymph samples were centrifuged at 2000Âg for 10 min at 48C to pellet haemocytes. Next, to remove small molecules, haemolymph was filtered three times through an Amicon Ultra-4 with Ultracel-100 membrane (Millipore) in 3.5 ml of stabilization buffer I. The remaining haemocyanin protein was pelleted by centrifugation overnight at 25 000Âg at 48C. The pellet was resuspended in stabilization buffer II and passed through an anion-exchange chromatography column (MonoQ 4.6/100 PE, GE Healthcare) for high-performance liquid chromatography (HPLC). Buffer A and buffer B were run as a linear gradient from 0 to 100% B in A using over 80 column volumes at a flow rate of 1 ml min
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. Fractions absorbing at 560 nm were collected and exchanged two times with stabilization buffer I using the Amicon column as described above. Before storage at 2808C, these purified (more than 95%) haemocyanin extracts were pooled and concentrated to 66 mg protein ml 21 , as calculated spectrophotometrically as: C ¼ (A 235 -A 280 )/2.51 Â dilution factor [24] .
PO activity of haemocyanin was determined based on the method described in [16] with some modifications. Briefly, 66 mg of purified haemocyanin was diluted in a PIPES-based buffer ( pH 6.3) to obtain a final volume of 123 ml. Also, depending on the combination tested (figure 4a), 40 mg of protease (subtilisin Karlsberg, type XIV protease or cathepsin L) and/or 1 mM phenylthiourea (PTU) was added. Reactions were then incubated in microplate wells for 10 min at RT, and 2 ml of dopamine, catechol or tyramine was added to final concentrations of 6, 6 and 3.4 mM, respectively. In triplicate experiments, quinone production was recorded at 420 nm (Tecan spectrophotometer, GENios) after a 1-h (or 3.5-h, for tyramine) incubation at RT.
To determine the lowest concentration of haemocyanin that inhibits the growth of different marine bacterial strains, a modified minimal inhibitory concentration (MIC) test was performed as described in [25] . Briefly, a dilution series of purified haemocyanin in PIPES buffer [16] containing 625 mM dopamine as substrate was placed into wells containing 100 bacterial colonyforming units (CFU). For each series, the presence or absence of bacterial growth (i.e. a circular pellet appearing at the bottom of the well) was recorded after 24 h of incubation at 288C (see the electronic supplementary material, Material and methods, for details). No bactericidal activity was observed in the presence of dopamine alone.
(f ) Characterization of flow between the haemolymph and the light organ crypts, and measurement of pH
After anaesthesia, adult squid were injected in the cephalic vessel with 50 ml of a 1 : 100 dilution of the fluorescent pH indicator carboxy-SNARF-4F [5] in seawater, or a seawater-only control. Following injection, the squid were revived and maintained for at least 12 h prior to assay. To monitor SNARF accumulation in the light organ crypts, the crypt contents (vented material) were collected as described previously [10] . A fluorescent SNARF signal was detected in the expelled contents of SNARF-injected, but not carrier-injected, animals using epifluorescence microscopy. The pH of haemolymph and expelled crypt contents was measured as described previously [5] , except by epifluorescence. Briefly, the probe was excited at 488 nm and emission was measured at two different wavelengths (580 and 650 nm); the emission ratio depends on the pH of the solution. A pH calibration curve was obtained with 20 independently measured ratios from a series of 5 pH standards made with SNARF in mPBS.
Results and discussion (a) Euprymna scolopes synthesizes two isoforms of haemocyanin (i) Haemocyanin structure
The derived amino acid sequence of RACE products revealed two distinct isoforms of haemocyanin (EsHCY), consisting of 3342 and 3346 amino acids that share 80% identity. Each isoform comprised eight FUs, originating from ancestral duplication events, and sharing the ABCDD'EFG subunit organization first described in Sepia officinalis [26, 27] (figure 1; electronic supplementary material, figure S1 ). The two isoforms diverged before the split between the cephalopod orders Sepiida and Sepiolida. An analogous duplication event occurred independently in the gastropods, before the divergence of keyhole limpets and abalones. Each FU of both isoforms has retained its oxygen-binding residues, i.e. the essential histidine that coordinates copper in type-3 centres A and B [13] . The comparison of EsFU-G with the crystal structure of FU-G in Octopus dofleini [28] [29] [30] supports the structural conservation of this domain, particularly in the inner a-helixes, where the functional residues are located. Because the haemocyanin FU organization of E. scolopes is very similar to that of S. officinalis, we can predict its three-dimensional structure, based on crystallographic analyses of the cuttlefish's [27, 31] : specifically, the subunits of the S. officinalis haemocyanin form a large cylindrical decamer that resembles a wall and collar, and that has a more compact appearance than that of other cephalopod haemocyanins.
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(ii) Haemocyanin synthesis and expression
We quantified the expression of mRNA encoding each haemocyanin isoform by quantitative RT-PCR and localized the transcripts by in situ hybridization in both juvenile and adult squid tissues ( figure 2b,c) . These mRNAs were mainly synthesized in the gills, with particularly strong labelling in the branchial gland, as previously described in other cephalopods [32] . Secondary sites of synthesis were detected in the mantle and gut of juvenile squid, as well as in the eyes and symbiont-containing central core of the light organ of adult squid. Both isoforms were expressed at similar levels in all tissues. However, these data did not eliminate the possibility that fine-scale differences in localization of the two isoforms could occur.
We used an antibody to EsHCY (a-HCY2) to define the fine-scale distribution of the protein in host tissues ( figure  2e -k) . Because haemocyanin is secreted and transported, protein localization is likely to differ from sites of gene figure 2d ). Confocal analyses of the ICC with a-HCY2 revealed cross-reactivity in the gills and epithelia of the juvenile light organ ( figure 2e -g ). In addition, cross-reactive sites localized to the mucus adjacent to the ciliated epithelium (figure 2h). Thus, although gene expression was low in the ciliated epithelia, the protein was abundant, suggesting either (i) EsHCY is highly stable and, despite its low synthesis rate, can accumulate in the tissues; or (ii) the protein is transported from the blood sinus into the epithelial cells by transcytosis. Precedence for the latter hypothesis is supported by studies in S. officinalis, in which haemocyanin occurs in the intercellular space, and in vesicles and vacuoles of the renal and branchial epithelia, a phenomenon initially attributed to a possible role for haemocyanin in copper homoeostasis [33] . EsHCY was also detectable in the adult central core, mainly in the crypt epithelium but also in the crypt spaces, where symbionts are located (figure 2j,k). These results are consistent with the proteomic detection of haemocyanin in crypt contents [34] . By ICC, we could not detect an influence of symbiosis (WT versus aposymbiotic) or symbiont bioluminescence (WT versus Dlux) on the pattern of haemocyanin production in the light organ (electronic supplementary material, figure S3 ). However, these methods are insufficiently sensitive to discount the possibility that small differences occur between these conditions.
(b) Vascular haemocyanin provides oxygen to symbionts in the crypt space
The oxygen-binding properties of squid haemocyanin were determined using whole-blood samples collected from adult animals at different times during the day (figure 3) and were in the range reported for other cephalopod haemocyanins [35] . Specifically, blood samples collected during the night had a pH of 7.16 + 0.08, and a P 50 for oxygen, i.e. pressure at which haemocyanin is half-saturated with oxygen, of 1.62 + 0.25 kPa, with a cooperativity coefficient of 2.43 + 0.10 at 268C. By contrast, samples collected during the day had a pH of 6.94 + 0.04, a significantly decreased affinity (P 50 of 5.40 + 1.58 kPa), but an essentially unchanged cooperativity coefficient (2.67 + 0.14). These values are equivalent to a half-saturation of 18 mM during the night and 61 mM during the day and indicate that at both times EsHCY has an oxygen affinity two to three orders of magnitude lower than the nanomolar values reported for V. fischeri luciferase and cytochromes [36] . These results indicate that haemocyanin helps deliver oxygen from the haemolymph to the symbionts to support the elevated oxygen demand of luminescence. The squid's alternating behaviours of hiding in the sand (day) and hunting in the water column (night) may differentially influence blood pH [37] and, thus, EsHCY's oxygen affinity through a Bohr effect. To determine the extent of this effect, we separated EsHCY from other blood components by repeated exchange with a Tris-based buffer adjusted to pH values between 6.0 and 8.2. Subsequent measurements indicated the protein's oxygen affinity (figure 3b), but not cooperativity (electronic supplementary material, figure S4a), was strongly reduced by a lower pH, with an observed Bohr effect of 20.76, typical of cephalopods [38] and other invertebrates [39] . Oxygen affinity decreased after the haemocyanin figure S2 . In all cases, these control tissues/extracts showed no detectable labelling.
rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140504 was separated from the other blood components (electronic supplementary material, figure S4b) ; however, addition of candidate blood components produced by the squid (taurine) or the symbionts (acetate and lactate) had no detectable effect on EsHCY oxygen affinity (electronic supplementary material, figure S4c). These results led to an investigation of whether a pH gradient between the blood and the crypt spaces might affect oxygen delivery by haemocyanin to the symbionts. Haemocyanin is present in the crypt space of symbiotic light organs (figure 2; electronic supplementary material, figure S3) ; however, whether this haemocyanin comes from the circulating blood is unclear. Therefore, we tested whether haemocyanin travels from the general circulation to the crypt space and measured the associated pH values at those two sites. We injected into the cephalic artery a pH-sensitive fluorescent probe (SNARF), which does not permeate membranes by diffusion. We showed that (i) the light organ is highly vascularized, (ii) haemolymph passes from the vascular system into the crypt space and (iii) the pH is significantly lower in the crypt than the haemolymph (5.67 + 0.18 versus 6.80 + 0.12) (figure 3c). These data suggest that haemocyanin-bound oxygen taken up in the gills and transported in the haemolymph may be effectively offloaded into the acidic crypt spaces (figure 3d). The consumption of oxygen by V. fischeri (including that driving more than 10% of the cell's energy commitment going to bioluminescence [40] ) will thus presumably Figure 3 . Characteristics of the haemocyanin protein and its putative role in the delivery of oxygen to the symbionts. (a) The affinity for oxygen in native haemolymph samples is lower during the day (14.00 -16.00; n ¼ 6) than during the night (2.00-4.00; n ¼ 6). P 50 in kPa. **p , 0.01 based on a Wilcoxon's test. (b) Determination of the Bohr effect of EsHCY using the regression between log(P 50 ) and pH. Oxygen affinity of the EsHCY samples was measured after exchanging it in five stabilization buffers at pHs of approximately 6.5, 7.0, 7.5, 7.8 or 8.0 (closed diamonds). Affinity was also measured in native (unprocessed) haemolymph samples (open diamonds). (c) Circulation between the haemolymph and the crypt space, and the associated pH values. The pH-sensitive dye SNARF was injected into the cephalic artery and transported through the body. SNARF is excited at 488 nm, and selectively emits at two different wavelengths (580 and 650 nm). The 650/580 ratio is characteristic of a particular pH, which is estimated by a calibration curve, generated in pH-adjusted mPBS. SNARF was detected in the central core of the light organ (image, left). Injection with sterile seawater revealed no autofluorescence (inset). The pH was determined both in the circulating haemolymph and in the crypt space, i.e. expelled material, in adult squid during the night (figure, right; mean + s.e., n ¼ 5). Scale bars, 100 mm. (d) A model for the directional transport of oxygen into the crypt space during the night. During the night, circulating haemocyanin (left), which has a relatively high oxygen affinity, circulates to and enters the crypt spaces that have become acidic as a result of bacterial metabolism. The reduced pH in the crypts favours the offloading of oxygen from the haemocyanin (right) to the symbionts, where it is used by their high-affinity luciferase. rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140504 lead to a gradient that requires a constant flow of oxygen into the crypts.
Bacterial transcriptomic profiles and metabolic modelling [12, 36] collectively support the prediction that changes in symbiont, rather than host [37] , metabolism over the daynight cycle may influence the pH of the crypt spaces and, thereby, the delivery of oxygen. Thus, we hypothesize that oxygen-saturated vascular haemocyanin migrates to the crypt spaces where a 1-unit pH differential (figure 3c) lowers its affinity for oxygen, driving the oxygen towards the high-affinity, high-demand activity of the symbiont's luciferase (figure 3d). Hence, a combination of EsHCY biochemistry and symbiont metabolism may work together to promote bioluminescence in the squid crypts.
The squid-vibrio system is not unique in recruiting an oxygen-carrier metalloprotein for the control of symbiont activities. In the nodules of legumes, oxygen is provided to symbionts via leghaemoglobin. This carrier poises the levels of oxygen in symbiotic tissues, providing optimal conditions for the activity of symbiont nitrogenase [41] ; however, it can also sanction rhizobium cells whose nitrogen-fixation efficiency is low, by limiting their growth [42] . In hydrothermal vent and cold seep tubeworms [43] , haemoglobins play a role in delivery of both oxygen and hydrogen sulfide to the symbiotic tissue [44] . In the squid-vibrio association, the haemocyanin provides both respiratory oxygen to host tissues and oxygen for bacterial light production, which is the basis of the symbiosis; in contrast, in tubeworms, it is the sulfide that allows its symbionts to fix carbon, which is 'the currency' of that symbiosis.
(c) Haemocyanin antimicrobial activity is linked to phenol oxidase activity
Haemocyanin is part of the tyrosinase family of enzymes [14] and exhibits a PO including tyrosinase activity in certain taxa [45] . The production of quinones by the PO activity is antimicrobial [16, 46] . Thus, because haemocyanin is present in mucus coating the ciliated epithelium of the light organ, where symbionts are recruited and selected from the bacterioplankton (figure 2), we hypothesized that haemocyanin also has an antimicrobial function during these initial events. Therefore, we purified haemocyanin from squid haemolymph using size-exclusion and anion-exchange HPLC separation (see the electronic supplementary material, figure S5a). The PO activity of this purified protein was determined using dopamine, an o-diphenol common in cephalopods, especially in the adjacent ink sac. We characterized the PO activity in an acidic buffer mimicking the mucus pH, and in the presence/absence of several proteases that could enhance the PO activity [15, 16] . Haemocyanin exhibited significant PO activity using dopamine as the substrate and, similar to arthropod and molluscan haemocyanins whose PO activity is enhanced by proteases [16, 47] , EsHCY exhibited a higher PO activity in the presence of certain proteases, particularly a subtilisintype bacterial serine-protease with broad specificity towards proteins (figure 4a). This activation might be linked to the cleavage of either the N-or C-terminus of the protein or to a conformation change that opens a substrate-binding pocket [45] . Similar results were obtained using other substrates for PO, such as catechol, another o-diphenol and tyramine, a mono-phenol, for which slower kinetics were observed. These results showed that EsHCY has a catecholase activity and, to a lesser extent, a cresolase activity, typical of tyrosinases (see the electronic supplementary material, figure S5b). Contrary to the PO activity of crustacean haemocyanins [16] , the PO activity of EsHCY was not affected by the presence of LPS (the ratio of dopamine-based activity with/without Vf-LPS was 1.07; t-test, p ¼ 0.08).
To test whether the PO activity of EsHCY is antimicrobial, we determined the minimal concentration of haemocyanin required to inhibit growth of various strains of marine bacteria in the presence of dopamine. Vibrio fischeri exhibited an intermediate resistance compared with other marine Gram-negative and Gram-positive strains tested (figure 4b). In addition, when we assayed the antimicrobial activity of unpurified blood, which potentially contains proteases, but without the addition of dopamine, no antimicrobial activity was detected (data not shown). These results suggest that the main antimicrobial activity of haemocyanin is linked to its PO activity. Taken together, the data suggest that the EsHCY protein, which is secreted into the mucus, could play a role in the selection of the symbiont, perhaps in combination with other antimicrobial factors, e.g. NO, PGRP2, lysozymes [2, 3, 5] , that occur in the mucus matrix.
Conclusion
The data presented here suggest a role for haemocyanin in the dynamics of the squid-vibrio symbiosis, both in its initiation and its maintenance. We showed that haemocyanin exhibits antimicrobial properties that, in combination with other antimicrobials present in the mucus, may be involved in selecting V. fischeri during harvesting. The synergistic mechanisms between these various antimicrobials remain to be determined, but promise to provide valuable insight into how specificity is achieved even before symbionts enter host tissues. This activity might also be critical for controlling symbionts throughout the life of the animal, e.g. by limiting growth of the symbionts, preventing colonization by non-specific bacteria or even sanctioning cheaters. Determining whether EsHCY has these functions will require further study.
We are beginning to develop a clearer concept of the elements of the squid-vibrio system that are controlled on a diel rhythm, and how they are regulated. Earlier studies showed a day-night cycle on features ranging from bacterial bioluminescence to gene expression [8, 12] , and recently this symbiosis was the first in which the bacteria were found to drive host circadian rhythms [48] . Our data reveal the possibility that haemocyanin is an important component of these rhythms, at least in the adult animal. Our current model for how the symbiosis modulates oxygen delivery for luminescence by the microbial partner relies in part on the pH gradient between haemolymph and the crypt environment. The capacity of the symbiont to lower the crypt pH favours the release of oxygen from haemocyanin, and host provision of nutrients is likely to have a profound influence on the symbiont's ability to modulate pH in these tissues. Not unlike the host -symbiont conversation that goes on during the establishment of the association [5] , the permanent adjustment of the partners' biochemistry and physiology may play a critical role in the maintenance of the symbiosis as well. experiment for dopamine sensitivity (L.Z.). R.A. helped with the experimental design of protein purification and antimicrobial activity. S.H. was involved in the design and supervision of the oxygen affinity experiments. N.K., M.J.M-N. and E.G.R. wrote the manuscript. All the authors have read and approved the final version of the manuscript.
